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temperature are required for an efficient larval rearing of cold water fishes.
The study reported here was established in response to the requirement for appropriate live food for cold water fish larvae. To date, the low temperature effects on physiological conditions of rotifers have been considered in the context of preservation and explaining negative effects on population growth [3, 11, 14] . Low temperature tolerance appears to differ among the various species and strains of the rotifer Brachionus [2] . In addition, hybrid strains obtained by cross-mating two strains of the rotifer Brachionus sp. show biological characteristics that are distinct from those of their parental strains [4, 12] . Therefore, we used three native strains (NH1L, Australian and German) and two hybrid strains [♀NH1L and ♂Australian (N × A) and ♀NH1L and ♂German (N × G)] for this study (Table 1) . Rotifers can use alternative strategies to maintain their normal metabolism under excessive stress conditions. Their metabolic activities under stressful conditions are mainly assessed by life history parameters, reproductive characteristics, and mobility [15] [16] [17] [18] . In this study we compared the low temperature adaptation ability of rotifer strains of B. plicatilis s.s., B. manjavacas, and their hybrids in terms of their life history parameters, reproductive characteristics (i.e., sexual and asexual reproduction) and mobility (swimming activity) under two different thermal conditions (12 and 25 °C).
Materials and methods

Strain selection
To identify those strains with a good low temperature adaptation ability from among those in the rotifer collection in our laboratory, we pre-cultured four strains of B. plicatilis s.s., three strains of B. manjavacas, and two strains of their hybrids (Table 1) at 20 °C and a salinity of 17 ppt under ad libitum food conditions for 1 month. These strains were collected from different geographic regions and were empirically known to have a strong tolerance to low temperature compared to other stock strains. We tested the effect of low temperature on the population growth rate of these strains. Population growth at 10 °C was estimated through a 14-day batch culture with or without thermal acclimation at 15 °C under the optimal food condition for population growth of these strains, namely, 7 × 10 6 Nannochloropsis oculata cells/ml [18] . The culture medium was prepared by diluting natural seawater with Milli-Q water (filter 0.22 μm; Merk Millipore, Billerica, MA) followed by filtration through GF/C filters (Whatman®, GE Healthcare Life Sciences, Chicago, IL) and sterilization by autoclaving at 121 °C for 20 min. The microalgae N. oculata cultured in modified Erd-Schreiber medium [19] was centrifuged with cell-grown medium at 5000 rpm for 10 min, and only precipitated algal cells were re-suspended daily into the rotifer culture medium. To compare asexual reproductive activity at low temperature, we calculated the population growth rate (r) on the last day of culture using the following formula: r = ln (N t /N 0 )/t, where N 0 = initial density of rotifers, N t = the number of individuals on day t, and t = number of culture days. Based on these results (Fig. 1 in the Rotifer strain selection section of the Results), the low temperature adaptation ability based on the evaluation of the life history traits, reproductive characteristics, and mobility at 12 °C (described below) were compared among the following five selected strains: three native strains, i.e., Japanese (NH1L), Australian, and German, and two hybrid strains, i.e., N × A (♀NH1L × ♂Australian) and N × G (♀NH1L × ♂German). 
Individual culture
The five selected rotifer strains were cultured to determine the effects of low temperature on the following life history parameters: lifespan, reproduction period, generation time, lifetime egg production, and lifetime offspring production. With these data, we calculated the intrinsic rate of natural increase (r m ) using the formula: l x · m x · e −rm x = 1 , where x = age interval, e = natural logarithm, lx = the probability of surviving to age x, and m x = the number of female offspring per female of age x born during the interval x to x + 1.
The rotifers were cultured at 25 °C and 17 ppt with daily feeding of N. oculata at 7 × 10 6 cells/ml. From these cultures, a certain number of rotifers carrying amictic eggs were transferred into a screw-capped bottle containing 15 ml of fresh culture medium and then agitated to shake off their eggs. About 200 of the separated eggs were each incubated in a well of a 12-well microplate under the same conditions as the stock cultures. Hatchlings (F 1 ) carrying an amictic egg were individually inoculated into wells of a 48-well microplate, and F 2 (<4 h) hatchlings from these eggs were acclimatized to the experimental temperature. To initiate the experimental culture, F 2 individuals were individually transferred into a well of a 24-well microplate containing 1 ml of fresh medium with N. oculata in suspension at 7 × 10 6 cells/ml. The experimental set-up was established with the same methods as described in the section Strain selection. The inoculated rotifers (n = 3) of each strain were cultured at 25 or 12 °C under complete darkness and were transferred daily into a new well containing fresh medium. The selected life history parameters were observed concomitantly with the transfer of rotifers into fresh medium.
Batch culture
Batch cultures were initiated with five F 2 individuals carrying amictic eggs in 5 ml of live food suspension which were prepared by the same methods as described in section Individual culture. These cultures were maintained in the microalgae N. oculata suspension at the constant concentration of 7 × 10 6 cells/ml without changing the medium for 14 days. A culture trial was maintained in a well of a 6-well microplate incubated at 25 or 12 °C under complete darkness (n = 6). The number of female rotifers in each culture was counted daily, and the female rotifers were categorized based on the types of eggs carried [14] into (1) female carrying no eggs, (2) amictic female carrying female eggs (FF), (3) mictic female carrying male eggs (MF), and (4) mictic female carrying resting eggs (RF). The r was calculated by the same formula as mentioned in the section Strain selection (r = ln (N t /N 0 )/t), and mixis and fertilization rates were calculated using the formula:
Swimming activity
The cultures of the five selected strains were maintained under the same culture conditions as described for the previous tests. From the culture of each strain, 50 individuals were randomly selected and transferred into a well of 12-well microplate containing 3 ml of fresh medium at 17 ppt and 12 °C. The microplates containing the rotifers were wrapped around with foamed styrol to prevent thermal fluctuation of medium. The rotifers were adapted to complete
Fertilization (%) = {(RF)/(MF + RF)} × 100 Fig. 1 Population growth rate of the nine strains of the rotifer Brachionus plicatilis sp. complex cultured at 10 °C for 14 days without (a) or with acclimation at 15 °C (b) for 14 days. Columns and error bars Means and standard deviations of replication (n = 5-6), respectively. Lowercase letters above columns (a > b > c in a) indicate significant differences among the rotifer strains (P < 0.05), asterisks (in b) are differences between two treatments without and with acclimation (P < 0.05). NH1L Native Japanese strain, N × A ♀NH1L × ♂Australian hybrid, N × G ♀NH1L × ♂German hybrid darkness for 5 min, following which swimming rotifers were immediately counted. After counting, the plates were maintained at 12 °C until the next observation. In the shortterm observation analysis (6 h), the number of swimming rotifers was monitored every hour. In the long-term observation period (10 days), all of the rotifer cultures (at 25 °C) were transferred to 12 °C and monitored every day with the same methods as those used for the short-term observation. Swimming rate (%), which is the proportion of swimming individuals among the total individuals, was estimated by taking the average of five independent replicates (n = 5).
Statistical analysis
For the selection of rotifer strain, the population growth rate of the nine rotifer strains at low temperature associated with a treatment i.e., with or without acclimation, were compared by Tukey-Kramer post hoc test when a one-way analysis of variance (ANOVA) detected a significant difference. The indices of life history parameters, reproductive characteristics, and swimming rate of the five selected strains at the set-up temperatures (12 and 25 °C) were compared using the Tukey-Kramer post hoc test after one-way ANOVA. All statistical analyses were performed by StatView version 5.0 software (SAS Institute, Inc., Cary, NC).
Results
Rotifer strain selection
The population growth rate (r) with or without the thermal acclimation is shown in Fig. 1 . For the 14-day cultures at 10 °C without the acclimation, the Shizuoka and the Australian strains showed negative growth rates compared to the seven other strains (P < 0.05; Fig. 1a ). In the culture trials with acclimation at 15 °C, the Shizuoka strain went extinct during the acclimation, but the other strains cultured at 10 °C showed no significant differences in population growth rate (Fig. 1b) . The NH1L, Amami, and Russian strains maintained their population growth rate at low temperature, but the five other strains tested (Makishima, Australian, German, N × A, and N × G) needed the acclimation period (P < 0.05) to maintain their population growth rate. Based on the results of this comparison of population growth rate, the rotifer strains which showed active propagation at 10 °C with acclimation (Australian, German, N × A, and N × G) and without acclimation (i.e., NH1L) were selected to evaluate low temperature tolerance. Table 2 shows life history parameters of the rotifer strains at different culture temperatures (12 and 25 °C). There were no significant differences in the lifespan and generation time among all strains cultured at 25 °C, but there were differences in other parameters at this temperature. Reproduction period was the longest in the German strain (P < 0.05), and lifetime egg production (P < 0.05) and lifetime offspring production (P < 0.05) were the highest in the Australian strain. The intrinsic rate of natural increase (r m ) at 25 °C was the highest in the Australian strain (P < 0.0001). When rotifers were cultured at 12 °C, there were no significant differences in the reproduction period, lifetime egg production, and lifetime offspring production among the tested strains. For the other parameters at 12 °C, the longest lifespan and generation time were observed in the German strain (P < 0.0001), and the highest r m was in the NH1L and the N × A strains (P < 0.0001).
Individual culture
Batch culture
The characteristics of sexual and asexual reproduction determined by batch cultures under different water temperature (12 and 25 °C) are shown in Table 3 . In terms of asexual reproduction, the N × A strain showed the most active propagation during 14 days of culture at 25 °C (P < 0.0001), while the NH1L and N × G strains exhibited higher population growth rate at 12 °C (P < 0.05). Sexual reproduction activity was defined by the following four parameters: mixis rate, male density, fertilization rate, and the total number of resting eggs produced. These parameters were higher in the Australian strain at 25 °C (P < 0.001). Among the two hybrid strains, at 25 °C, the N × A strain showed the abnormality of unhatched mictic eggs (male eggs) and the N × G strain showed no resting egg production even in the presence of males. At 12 °C, none of the five tested strains showed resting egg production. Higher mixis rate and male density at 12 °C were observed in the NH1L and N × A (P < 0.001) strains and in the Australian culture (P < 0.05), respectively.
Swimming activity
The swimming activity of the tested rotifer strains at 12 °C is shown in Fig. 2 . In the short-term observations (6 h), the NH1L strain had the highest higher proportion of swimming individuals (range 81.3 ± 6.7 to 91.3 ± 5.3%) (P < 0.05). The other strains showed <60% swimming rates during the 6-h observation period (P < 0.0001). In the long-term observations (10 days), strains NH1L, N × A, and N × G showed higher swimming rates (79.2 ± 4.6 to 93.2 ± 5.2%) than the other strains (P < 0.0001) after 1 day from the beginning of observation at 12 °C. On the last day of the long-term observation study all five tested strains showed a >75% proportion of swimming individuals. 
Discussion
This study compared the low temperature adaptation ability of various rotifer strains of the Brachionus plicatilis sp. complex, namely, of B. plicatilis s.s., B. manjavacas and their hybrids, by testing life history parameters, reproductive characteristics, and mobility at 12 °C with the aim of obtaining information that will improve the efficiency of supplying a suitable live food for effective larviculture of cold water fishes. The outcrossing between two different species, B. plicatilis s. s. (NH1L) and B. manjavacas (Australian and German strains), was possible due to their close phylogenetic distance [20] . Such hybrid strains show different morphological and physiological characteristics from their parents [4, 12] . In our study, strains even in the same species showed different low temperature adaptation ability. For optimum strain selection, we determined the population growth of nine rotifer strains (Table 1 ) at 10 °C with or without thermal acclimation at 15 °C. Acclimation is important for the survival of rotifers at low temperature [6] , and thus most strains showed higher growth rate after acclimation (Fig. 1) . However, the Shizuoka strain did not survive the acclimation period and experienced mortality at 10 °C without acclimation, possibly implying that the critical temperature for the survival of this strain is higher than that for the other strains, perhaps around 20 °C. No differences associated with the acclimation were observed with the NH1L, Amami, and Russian strains. These differences might reflect the geographic features of their habitats because organisms are adapted to the ambient conditions where they live [21, 22] . Miracle and Serra [2] reported that temperature range of the original rotifer habitat had negligible influences on their physiological conditions, while low temperature induces species-and strain-related properties because of the restricted temperature tolerances of rotifers.
The results of this study show that there are strain-related properties (Table 2) and that these may be affected by the temperature ranges of their original habitats. Life history parameters, a tool we used to diagnose the physiological condition of rotifers [23, 24] , were evaluated by the individual culture of each strain. When cultured at 12 °C, the tested rotifers (Table 2) had similar propensities as when they were exposed to extreme stresses [17, 25] . In the rotifer Brachionus sp., low temperature prevented normal metabolism, as shown by the expression of heat shock protein 20 gene(hsp20) at 10 °C, which is required for the activation of normal cellular defense mechanisms under environmental stress conditions [26] . The embryonic development period of rotifers is elongated by decreasing temperature [27] , and low temperature likely also retards reproduction. The calculated r m can be used to evaluate the reproductivity of animals [28] . In our study, the r m value at 25 °C was similar to that reported by King and Miracle [29] under favorable conditions, i.e., 0.32-0.38, while that at 12 °C was <0.11. This result implies that the rotifers in our study had and retained physiological status at 25 °C, which resulted in the active reproduction. The highest value of r m at 12 °C was shown by the NH1L and N × A strains (Table 2) , showing the possibility of mass culture of rotifers at low temperatures [30] .
Batch cultures of the selected rotifer strains were tested to evaluate the possibility of mass culture at low temperature. The intrinsic feature (e.g., thermal tolerance) derived from the temperature of maternal culture, determines the sexual reproduction characteristics of rotifer descendants [31] . Therefore, this study employed F 2 rotifers from mothers cultured under the same environmental conditions to reduce the hereditary effects. Thermal fluctuation to a low temperature has been reported to negatively affect both the sexual [31] and asexual reproduction [3] of rotifers. We observed that the sexual reproduction of rotifers was negatively affected by low temperature that caused an inactive mixis induction and no resting egg production, compared to asexual reproduction ( Table 3 ). The asexual reproduction of the five tested rotifer strains maintained a certain level of population growth. The required level of food can be varied with culture temperature to maintain stable population growth of rotifers [13] . It is expected that populations of the selected rotifer strains could maintain steady growth at the low temperature because of they were receiving sufficient food. Active propagation was observed in the batch culture of NH1L associated with the determined r m at the low temperature ( Table 2) . The hybrid strains, N × A, and N × G, also showed high population growth rates, perhaps due to the inherited genetic background from the NH1L strain [12] .
The frequency and duration of immobility of rotifers after thermal fluctuation determines their efficiency as live food for fish larvae [5, 32] . The short-term observation period of 6 h was set up to compare the results with those reported by Fielder et al. [32] who found that B. plicatilis should be cultured at lower temperature or acclimated for at least 6 h to larval rearing conditions before being transferred to larval rearing tanks. In our study, the NH1L strain showed the highest proportion of actively swimming individuals during the short-term observation period (Fig. 2a) , suggesting the potential of this strain to be used as live food for cold water fish species. In the long-term observation study (10 days), the two hybrid strains with NH1L mothers also showed a proportion of actively swimming individuals (>60%) on the first day (Fig. 2b) , possibly indicating that two hybrid strains are better adapted to low temperatures that the other strains due to characters inherited from their mother [12] .
The application of rotifer strains acclimated to low temperatures has recently been used with economic benefit in the hatchery production of Pacific cod Gadus macrocephalus, a cold water fish [8] . The results of our study demonstrate that the low temperature adaptation ability of the rotifer B. plicatilis sp. complex is indeed strain-related. Among the five tested strains in this study, the NH1L strain has the highest ability to adapt at low temperature and is expected to maintain their availability in the larval rearing tanks for the optimal growth of cold water aquaculture species [5, 10, 32] . In addition, the outcrossing of rotifer strains is a useful strategy to obtain live food resources for cold water fish larval rearing.
